The research work has been concerned on the studies and development of electrochemical polishing in the magnetic field magnetoelectropolishing (MEP) in comparison with the standard electropolishing (EP) methods performed without stirring (EP) and the process with the forced electrolyte mixing (MIX). Advanced techniques were used in the studies, to measure the effects of the surface treatment.They are as follows: scanning electron microscopy (SEM/EDS), X-ray Photoelectron Spectroscopy, Secondary Ion Mass Spectroscopy, surface roughness, and nanoindentation measurements. For the corrosion studies, the electrochemical methods were used, such as: open circuit potential OCP, potentiodynamic curves PC, and electrochemical impedance spectroscopy EIS measurements. The MEP process is advised mainly due to the opportunity to enrich the surface layer with the chromium compounds (austenitic stainless steels), or titanium compounds (CP Ti Grade 2, Nitinol). The surface layers of biomaterials after MEP process contain much lower amount of carcinogenic compounds, like chromium VI oxidation stage (Cr 6+ ) (austenitic stainless steels) and nickel compounds (austenitic stainless steel and Nitinol) versus those ones obtained after EP and MIX treatments. It is interesting that apart from the significant modification of the surface layer obtained after MEP, also mechanical properties, such as nanohardness, modulus of elasticity, and mechanical resistance to bending and torsion, undergo considerable advantageous changes. All they make the MEP process very promising for application in many clean industries, such as medical equipment and devices, electronics, food industry, etc.
INTRODUCTION
Electrochemical polishing of materials, metals, and alloys (Hryniewicz et al., 2006 (Hryniewicz et al., , 2008a (Hryniewicz et al., ,b,c, 2009a (Hryniewicz et al., ,b,c, 2011a (Hryniewicz et al., ,b,c, 2012a (Hryniewicz et al., ,b, 2008b Hryniewicz, 2007; Hryniewicz and Rokicki, 2007, 2008; Rokicki and Hryniewicz, 2008, 2012; Hryniewicz and Rokosz, 2009 ,b, 2013a Rokicki, 2009; Rokosz and Hryniewicz, 2010a ,b, 2011 Rokosz, 2011 Rokosz, , 2012 Rokosz and Raaen, 2011; Rokosz et al., 2012a,b,c) , is one of the most often used finishing operation, specifically in case of surface treatments of metallic biomaterials with complicated shapes (coronary stents, prostheses, etc.). In the metallic materials, apart from the desired minimum surface roughness and frequently a proper shine, a high corrosion resistance and the lack of carcinogenic elements in the surface layer, are also of high importance. The studies with the magnetic field involved in the process of EP started some time ago (Hryniewicz et al., 2006 (Hryniewicz et al., , 2008a (Hryniewicz et al., ,b,c, 2009a Hryniewicz, 2007; Hryniewicz and Rokosz, 2009) , with the effects being revealed and published consecutively ,b, 2013a ,b, 2014 Rokosz and Hryniewicz, 2010a ,b, 2011 Hryniewicz et al., 2011a Hryniewicz et al., ,b,c, 2012a Rokosz, 2011 Rokosz, , 2012 Rokosz and Raaen, 2011; Rokosz et al., 2012a,c) . There were a number of earlier experiments done, with the magnetic field announced to use mainly to enhance coating/electrocoating processes. Important mechanical effects of the magnetic field usage have been studied for decades, to mention just a few (Bocksted and Klamecki, 2007; El Mansori and Klamecki, 2007; Zaidi et al., 2007) .
The first effective use of the magnetic field to EP was announced by Rokicki, with the process named and patented as magnetoelectropolishing (MEP) (Rokicki, 2009 ). The study development of the MEP was consequently realized by Hryniewicz et al. (Hryniewicz et al., 2006 , 2007 , 2008a ,b,c, 2009a ,b,c, 2011a ,b,c, 2012a ,b, 2014 Hryniewicz, 2007; Hryniewicz and Rokicki, 2007, 2008; Rokicki and Hryniewicz, 2008, 2012; Hryniewicz and Rokosz, 2009 ,b, 2013a ,b, 2014 Rokosz and Hryniewicz, 2010a ,b, 2011 Rokosz, 2011 Rokosz, , 2012 Rokosz and Raaen, 2011; Rokosz et al., 2012a Rokosz et al., ,b,c, 2014 . Thus the consecutive detailed studies of the effect of the magnetic field on the chemical composition, corrosion resistance of the surface layer formed under MEP, and mechanical properties, were investigated. Specifically, the research of some selected types of steels, covering measurements and analyses, was performed and presented by Rokosz (2011 Rokosz ( , 2012 , and Hryniewicz et al. (Hryniewicz et al., 2006 (Hryniewicz et al., , 2008a (Hryniewicz et al., ,b,c, 2009a (Hryniewicz et al., ,b,c, 2011a (Hryniewicz et al., ,b,c, 2012a Hryniewicz, 2007; Rokicki and Hryniewicz, 2008, 2012; Hryniewicz and Rokosz, 2009 ,b, 2013a ,b, 2014 www.frontiersin.org Hryniewicz, ,b, 2011 Rokosz and Raaen, 2011; Rokosz et al., 2012a Rokosz et al., ,b,c, 2014 .
Just recently, a new paper was published, concerned with the use of a magnetic field (Cheng et al., 2013) for the surface technology. Unexpectedly, the authors (Cheng et al., 2013) called the process a "magnetization technology" not mentioning about any previous works carried out in this area. However, no details have been provided in their paper (Cheng et al., 2013) , apart from the use of an electromagnet of "0.35 T magnetic field intensity." A reader is not informed, why 0.35 T, and not, e.g., 0.22 or 0.55 T, was applied in their experiment. Several our works concerned with MEP indicates 350 mT as a turning point in using the magnetic field to the process of EP and revealing the reason for assuming that magnitude Hryniewicz, 2010a,b, 2013b,c; Hryniewicz et al., 2011b; Rokosz, 2012; Rokosz et al., 2012a; Hryniewicz and Rokosz, 2013b) . No one of our earlier published paper in this field was cited in (Cheng et al., 2013) . While the title of the paper suggests a "novel surface treatment for 316L stainless steel," the treatment procedure of this novel technology relies on using SiC abrasive polishing with the grit size of 2000 to get ready the sample surface for the studies of semiconducting properties of the surface film obtained, corrosion resistance, etc. It is not clear if a passivation in "3.5 wt% NaCl solution" reported in their paper (Cheng et al., 2013) was performed chemically or electrochemically. Thus, if the authors (Cheng et al., 2013) in their paper inform the audience of the "magnetization technology" and then present the results on corrosion resistance, so such a statement seems to be misleading. Surface finishing technology relies on the surface treatment before the studies of the effects are investigated.
Most of our works on MEP of metals and alloys were published during recent years. For the EP experiments with the magnetic field, the electrolytes consisting with a mixture of acids H 3 PO 4 and H 2 SO 4 with some other additives, were used. This work is to sum up the up-to-date achievements in this field of technology. Highlights and advantages of the MEP process have been accented. A mathematical model, concerning the MEP process of stainless steels and showing fluctuations of surface effects of the magnetic field intensity B, is provided.
DESIGN AND BUILDING THE MEP WORKING-MEASURING SET-UP
The set-up used for a standard electrochemical polishing (EP) (Figure 1 ), has been designed based on the Authors' own concept Rokosz, 2012; , and is composed with basic components (without a magnetic field). It consists of an electrochemical cell C, potentiostat A, heating system B, computer D, digital multimeter E, and serves for the EP operation and for determination of anodic polarization curves. For some EP experiments, additional mixing was introduced to the system (MIX) to compare the results obtained.
In Figure 2 the set-up of Figure 1 was additionally equipped with a neodymium magnet. Two forms of magnets have been used for the MEP experiments: the flat cylindrical one, as shown in Figure 2 F, and ring magnets, presented elsewhere (Hryniewicz et al., 2009a,b; Hryniewicz and Rokosz, 2010b) . In the version for moderate current densities (up to 50-100 A/dm 2 ) the set-up consisted with: a potentiostat ATLAS 98, cylindrical austenitic stainless steel cathode of the area of more than 100 times greater than that of the tested sample-anode, which was placed inside the cathode (the anode-cathode distance was about 45 mm), Hg/Hg 2 SO 4 MSE reference electrode, heater, thermometer, and a neodymium magnet, whereas for the circuit of high-density currents of up to 1000 A/dm 2 , a stabilized power supply RNG-3010 was used with a rectifier unit Telzas PDN 24-48-(60)/30(25) Hryniewicz and Rokosz, 2009 ).
POLARIZATION CHARACTERISTICS FOR THE MEP VERSUS EP AND MIX TREATMENTS
The anodic polarization curves of austenitic AISI 316L stainless steel and ferritic AISI 430 steel for the MEP as well as EP and MIX operations were given in Rokosz, 2012) . For the austenitic stainless steel as a paramagnetic material, the magnetic field influences mainly the ferromagnetic iron compounds. Following that way, the intensive dissolution of the ferromagnetic compounds of the 316L SS surface layer to electrolyte is observed (Rokosz, 2012) . In the case of ferritic stainless steel (ferromagnetic material) an immediate magnetization of the structure results in slowing the dissolution of the ferrous compounds to the electrolyte solution. In conclusion, the MEP process is not advised for ferromagnetic materials. The main advantages of using the magnetic field in EP are visible in Figure 3 . The plateau current density of anodic polarization curves obtained in the MEP process is much above of that one obtained for the EP process.
CHEMICAL COMPOSITION OF SURFACE LAYERS
The studies of chemical composition of surface layers created after electrochemical polishing EP, MIX, and MEP for nonalloyed/carbon steel as well as ferritic and austenitic stainless steels, as performed by X-ray Photoelectron Spectroscopy (XPS) and electrochemical measurements, were carried out and presented in numerous Authors' works (Hryniewicz et al., 2008b (Hryniewicz et al., , 2009c (Hryniewicz et al., , 2011a (Hryniewicz et al., ,c, 2012b Hryniewicz and Rokosz, 2010b Hryniewicz, 2010b, 2013a,b,c; Rokosz, 2011; Rokosz and Raaen, 2011; Rokosz et al., 2012a Rokosz et al., ,b, 2014 . The results of the studies have shown that the treatment time for unalloyed steel was much higher than that applied to ferritic or austenitic stainless steels for each of the treatments: EP, MIX, and MEP. It was found that type of the electrochemical treatment (EP, MIX, and MEP) considerably influences the chemical composition of the surface layer formed on the anode. In the case of ferromagnetic steels, like unalloyed and chromium ferritic steels, the highest enrichment of the surface layer/film with chromium compounds was obtained after electrochemical polishing without stirring (EP) (Rokosz, 2012) . For the paramagnetic steel, which is the austenitic stainless steel, the highest enrichment of chromium and molybdenum in the surface layer was obtained after electrochemical polishing in a magnetic field MEP 200 (Figure 4) . The notations in Figure 4 , EP50, MIX50, MEP50, and MEP200 refer to the anodic current density 50, and 200 A/dm 2 , respectively. The coefficient (Cr + 3.3Mo)/Fe is the most characteristic index proving of the effect of the magnetic field on the enrichment of surface film formed after MEP in chromium and molybdenum compounds. One may easily notice the most advantageous effect of MEP200 (Figure 4) . A considerable change in the surface layer composition was also observed in other metals and non-ferrous alloys (Hryniewicz et al., 2006 (Hryniewicz et al., , 2008c (Hryniewicz et al., , 2009a (Hryniewicz et al., ,c, 2011a Hryniewicz, 2007; Hryniewicz and Rokicki, 2007, 2008; Hryniewicz and Rokosz, 2009, 2013a) . The collective results of the surface layer composition study performed on Nitinol endodontic files are given in Figure 5 . While after a standard EP the total titanium contents against total nickel www.frontiersin.org contents increased about 3.5 times so after a MEP this ratio increased to about 6.5.
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PITTING CORROSION EFFECT
Many corrosion studies were performed concerning the effect of MEP (Hryniewicz, 2007; Hryniewicz et al., , 2008a Hryniewicz et al., ,c, 2009a Hryniewicz et al., ,b,c, 2011a Hryniewicz and Rokosz, 2009, 2014; Rokosz and Hryniewicz, 2010a , 2011 , 2013c Rokosz, 2012; Rokosz et al., 2012a) . In this work the mathematical model, which describes the change of pitting corrosion potential (Rokosz, 2012) versus induction of the magnetic field B and the anodic current density i, was developed. An example of the Authors' mathematical model presenting Epit = f(B, i) with the designated confidence intervals at the significance level α = 0.05, satisfying the adequacy of the mathematical model to the real object (test F -lack of fit), is shown below: It should be noted that during the MEP of a paramagnetic material, the self-arisen automatic mixing of electrolyte around the workpiece is observed. With increasing of the magnetic field induction, a compensation of the effects of mixing solution (Lorentz force) by the "pure" magnetic field is realized. With further growth of the magnetic field intensity, the increasing amount of dia-and paramagnetic compounds is observed in the surface layer. In the case of austenitic steels, the amount of chromium compounds is rising in relation to the amount of iron compounds. This effect is detected in the form of increasing the corrosion resistance of the surface layer (Hryniewicz et al., 2008a; Rokosz and Hryniewicz, 2010a; Rokosz, 2012) . 
MECHANICAL CHANGES AFTER MEP BENDING TESTS
Mechanical bending tests were performed on Nitinol samples to reveal the effect of MEP on the results. For this purpose, a 2-mm NiTi wire was cut into pieces of about 40 mm long and a 180°b ending was done in accordance to the standard (Polish Standard, 1975; Hryniewicz and Rokicki, 2008) . Results of the studies, performed on nine samples (three times three samples each time), are given in Figure 6 . For comparison, the test results performed on as-received samples is displayed. One can easily notice a distinct difference in the results obtained on Nitinol samples after MEP in comparison with those ones obtained after EP.
CHANGES IN NANOHARDNESS AND REDUCED YOUNG'S MODULUS AFTER MEP
A significant effect of the magnetic field inductance on nanohardness and reduced Young's modulus of the surface layer formed after the MEP versus EP, was demonstrated (Hryniewicz et al., 2009c (Hryniewicz et al., , 2013 Rokosz et al., 2012c) . A nanoindentation technique was used for that purpose to two biomaterials: CP titanium Grade 2 (Hryniewicz et al., 2009a (Hryniewicz et al., , 2011a and stainless steel AISI 316L (Hryniewicz et al., 2008a (Hryniewicz et al., ,b, 2009b (Hryniewicz et al., , 2011c Hryniewicz and Rokosz, 2010b, 2013b; Hryniewicz, 2010a, 2013c; Rokosz, 2012; Rokosz et al., 2012a) to reveal this effect, with some of the results presented in Figure 7 . The notations presented on horizontal axis in Figure 7 refer to the sample surfaces treated mechanically (MP) using abrasive polishing with SiC paper up to the grit size 1000, a standard EP, and treated by MEP.
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The nanoindentation study results given in Figure 7 , referred to the sample surfaces of CP titanium Grade 2 after MP, EP, and MEP treatments, were presented in (Hryniewicz et al., 2013) . The following results (at α = 0.05) were obtained on Ti after: MP (nHV = 3.88 ± 0.16 GPa, E r = 127.97 ± 3.58 GPa); EP (nHV = 2.31 ± 0.46 GPa, E r = 68.56 ± 3.87 GPa); and MEP (nHV = 1.47 ± 0.24 GPa, E r = 26.94 ± 0.67 GPa). They indicate considerable and advantageous changes of the materials studied.
CONCLUSION
In this work, the Authors highlighted the main features of MEP process. The extensive studies carried out on EP of ferromagnetic materials (metals and alloys) show that the best electrochemical surface treatment is a standard electrochemical polishing EP. For paramagnetic materials, like austenitic steels, titanium, Nitinol, the MEP process is advised mainly due to the opportunity to enrich the surface layer with the chromium (austenitic steel) or titanium (Nitinol) compounds. Another conclusion of the studies is, that the surface layers of biomaterials after MEP process contain much lower amounts of carcinogenic compounds like chromium VI oxidation stage (Cr 6+ ) (austenitic stainless steel) and nickel compounds (austenitic stainless steel and Nitinol) versus those ones remained after EP and MIX treatments. It was noted that after MEP of 316L SS in the surface layer there were detected 3-5% chromium compounds (Cr 6+ ) and 0.07-0.08% nickel compounds, while after the EP and MIX, 6-11% Cr 6+ and 0.19-0.28% nickel compounds, respectively . One more fact is also important, that the MEP set-up upgrading will not increase significantly the cost of the enterprise. The level of safety for the MEP process is comparable with that one referred to EP.
It may be noted that the electrochemical polishing in the magnetic field (MEP) should be advised mainly for non-ferromagnetic parts, like tantalum, titanium and its alloys, and austenitic or duplex stainless steel alloys. Ferromagnetic steels in a strong magnetic field rapidly magnetize up, so their interaction with the source of the magnetic field is extremely large and rather unsafe. That situation is usually improbable in the case of MEP of austenitic stainless steels, titanium, and/or Nitinol, which are paramagnetic materials.
